The effects of an inhomogeneous distribution of second-phase particles on nucleation of recrystallization in a particle-containing aluminum alloy are investigated by 3-D serial sectioning. Clusters and bands of big intermetallic particles are the dominating nucleation sites, but other sites are also active. The effects of nucleation sites and the inhomogeneous particle distribution on the orientation and size of the nuclei are investigated and their relationships are discussed. Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
It is widely accepted that particles are of the utmost importance in recrystallization of alloys containing a large number of second-phase particles [1] [2] [3] [4] [5] [6] [7] . Generally, large non-deformable particles promote recrystallization by stimulating nucleation (particlestimulated nucleation (PSN)) while closely spaced fine ones inhibit this process by pinning grain boundaries (Zener pinning) [3, 8] . 3xxx series aluminum alloys such as 3004 and 3104 have been intensively studied because of their commercial significance in the manufacture of rigid containers (cans). Large Al-Fe-Mn-Si constituent particles clearly promote recrystallization after hot rolling. Fine ((1 lm) dispersoids that form during homogenization also play a critical role in recrystallization kinetics. While the general impacts of these particles are well established, it has been difficult to develop accurate predictive models for grain structure and texture after hot deformation. The main problem is that constituent and dispersoid particles may be inhomogeneously distributed due to microsegregation resulting from the ingot casting process.
The present study focuses on the effects of nonuniformly distributed particles and dispersoids. Most previous studies on PSN have been carried out using 2-D methods, resulting in the loss of key information.
To the knowledge of the authors only one paper has been published containing direct 3-D information on the correlation between large second-phase particles and nuclei [9] . In the present study a 3-D serial sectioning method, combined with electron channeling contrast (ECC) and electron backscattered diffraction (EBSD), is employed to reveal the relationship between nuclei and second-phase particles.
A commercial direct chill-cast AA3104 aluminum alloy (chemical composition: Al-0.9Mn-1.18Mg-0.41Fe-0.22Si-0.18Cu, wt.%) was used in this work. A large number of big Al 6 (Fe, Mn)/Al 12 (FeMn) 3 Si intermetallic particles were formed during casting. The starting material was heat treated at 530°C for 10 h and then air cooled. After the heat treatment, two types of Al-MnSi dispersoid with sizes from tens of nanometers (small spot-like dispersoids) to 3 lm (large rod-like dispersoids) precipitated. As sketched in Figure 1a , the structure is characterized by big intermetallic particles at the grain boundaries, zones almost free of precipitates (precipitate-free zones (PFZs), marked A) and zones with a low density of large rod-like dispersoids (marked B) as well as zones with a somewhat higher density of small spot-like dispersoids (marked C). Very limited further precipitation is expected during later annealing since supersaturated elements were fully released during the heat treatment at 530°C, and thus the influence of concurrent precipitation with nucleation can be ignored. The material was then cold rolled to a reduction of 80% in thickness. After rolling an inhomogeneous distribution of big intermetallic particles was produced with clusters/bands of particles formed mainly along the rolling direction (RD), as sketched in Figure 1b . The width of the particle clusters/bands along the normal direction (ND) varies from 10 to 40 lm. The zones apparently free of precipitates, with large rod-like dispersoids and small spot-like dispersoids, were of course also compressed along ND (Fig. 1b) . The zones with particles of different types are fairly large and easy to distinguish, and the material is thus, besides being of commercial interest, ideal for studies of combined effects of large and small particles on nucleation of recrystallization. To initiate recrystallization the material was finally annealed at 300°C for 1 h.
Serial sectioning was performed with a Logitech PM5 precision lapping and polishing machine using a 1 lm grit diamond suspension. Two samples were cut out and permanently mounted in a tailor-made sample holder-one sample was used for the characterization, and the other to determine the depth removed in the sectioning steps by Vickers hardness indents. For further experimental details, see Ref. [10] . ECC images and EBSD scans were made in a Zeiss Supra 35 thermal field emission gun scanning electron microscope; the step size of the EBSD scans was 1 lm. An area of 510 lm Â 340 lm was characterized with ECC and EBSD in each section and 17 sections, separated by of about 2 lm, were studied (given that the size of some particles and nuclei are very small, the sectioning steps were controlled to be as small as possible). The ECC image and the corresponding EBSD map from each section need to be matched after characterization; for details of the matching, see the online Supplementary material. The 3-D microstructure was reconstructed from the 2-D section images by the image analysis software Reconstruct [11] .
By combining ECC and EBSD, both particles and nuclei could be identified [12] . In the present study, particles larger than 3 lm are defined as big particles, smaller ones are defined as dispersoids. If no neighboring big particle is found beside one big particle within the range of its own size, we call it a "single big particle"; otherwise it will be considered as part of a big particle cluster/band.
Nuclei are identified as being partly or fully surrounded by a high-angle boundary (>15°), to be larger than 3 lm and with interior misorientations below 2°.
An example of the observations is given in Figure 2 . Figure 2a shows the EBSD map of section 5. Nuclei with different orientations can be easily distinguished. Figure  2b shows the ECC image of the same area; the particles and some of the nuclei are clearly visible. After comparing Figure 2a and b it is obvious that a large number of nuclei of varying orientations are located at big particle clusters/ bands and thus also form clusters following the particle clusters. To get the full 3-D picture of the distribution of particles of the various types and the nuclei, the 17 sections are stacked and considered together. In Figure 3a -c, sketches of the particles and nuclei in the same area from two neighboring sections (Nos. 8 and 9) and one further away (No. 14) are shown. Figure 3d and e shows the full 3-D reconstruction highlighting the big particles (Fig. 3d) and the nuclei plus big particles (Fig. 3e) .
Within the whole inspected volume, a total of 2423 nuclei has been found, and their orientations and positions have been registered. Four types of nucleation sites are observed: single big particles, clusters/bands of big particles, large dispersoids and regions without particles or dispersoids. The results are shown in Table 1 , which shows that nearly 90% of the nuclei are found at clusters/bands of big particles. This is not surprising because large deformation heterogeneities form near big particles during rolling [1, 2] . When clusters of particles are present, the heterogeneities are expected to become even Figure 1 . Distribution of second-phase particles: (a) after heat treatment at 530°C for 10 h, the structure is characterized by big intermetallic particles at the grain boundaries, zones of PFZs (marked A) and zones with large rod dispersoids (marked B) as well as zones with small spot dispersoids (marked C); (b) after cold rolling, the big intermetallic particles are broken up into clusters/bands. Note that dispersoids are drawn larger than their real size in order to be seen clearly; both spot and rod dispersoids are magnified about 4Â. more severe. In addition, single big particles are observed to be good nucleation sites, and 2.8% of the nuclei are found near these particles. In fact, all single big particles and clusters/bands of big particles are observed to have stimulated nuclei. It should be noticed that large dispersoids may also act as nucleation sites. In this investigation, about 5% of the nuclei develop at big rod-like dispersoids which have sizes within the range 0.5-3 lm. This range is more or less above the critical diameter for PSN ($2 lm) after rolling to 80% [2] . Although many particles are present in the material, they are not the only sources for nucleation; 2.8% of the nuclei are found with no particles or large dispersoids next to them. (It should be pointed out that this fraction is likely to be an underestimation since some of the nuclei may have nucleated away from particles or large dispersoids but grown to become near them. These nuclei would thus with the present analysis be counted as part of one of the first three groups.) Figure 3 illustrates why the 3-D method needs to be used. The large nuclei and big particles (clusters/bands) extend over several sections along the transverse direction (TD), which easily lead to misinterpretations in 2-D. For the present data, 2-D inspections of the sections, instead of the full 3-D analysis, leads to quite different results-e.g. only 74.3% of the nuclei would in 2-D have been classified as near big particle clusters/bands and 13.1% would have been identified as nucleated away from particles or large dispersoids (compare to Table 1 ).
The orientations of the nuclei are also known, and these are divided into three groups according to their orientations as cube (within 15°of {0 0 1}h1 0 0i), rolling (within 25°of S {1 2 3}h6 3 4i, copper {1 1 2}h1 1 1i and brass {0 1 1}h2 1 1i) and random (just about everything else). When calculating the volume fraction of selected texture components from an orientation distribution function (ODF), an angular range of 15°around the selected component is typically chosen. This is what is chosen for the cube in the present work. The wider orientation range for the rolling components is chosen because "spread rolling" orientations (i.e. >15°deviation from ideal rolling components) are often reported for nuclei formed by PSN [4] , and this range represents well the observed width of the rolling components in the ODF (see Fig. 4a ). With this classification 2.6%, 52.9% and 44.5% of the nuclei have cube, rolling and random orientations, respectively. The low number fraction of cube nuclei is typical for many cold-rolled commercial aluminum alloys.
Out of the 2230 nuclei at single big particles or clusters/bands of big particles, 52.9% are with rolling and 44.3% with random orientations. The origin of formation of nuclei with these orientations has been discussed in Ref. [13] . In the present investigation many cube nuclei are also observed at clusters/bands of big particles (see Table 1 ). One may speculate if cube nuclei have grown from other areas, but this is not very likely as few cube nuclei are seen in the 'none' group and the 3-D cube nuclei size on average is 7.9 lm, whereas rolling and random are larger, 10.5 and 11.3 lm, respectively. It should be noted that if a nucleus extends through the whole inspected volume, e.g. if it is larger than 34 lm along TD, it is reported as 34 lm, and if it extends in one direction only, the size is reported as the parts which are seen. This procedure is not expected to have any significant effect on the ratio between sizes of nuclei with different orientations. Hence cube nuclei also appear to form near the big particles and particle clusters/bands. The nuclei are observed to have a wide size distribution (see Fig. 3 ). This wide distribution does not relate to orientations only but also to the deformed matrix. Here we analyze three types of matrices: precipitate-free zones (PFZs), zones with large rod dispersoids and zones with small dispersoids. The sizes of nuclei within these three types of matrices are plotted in Figure 4b . The figure shows that nuclei within zones of small spot dispersoids on average are smaller than those in PFZs and zones with large rod dispersoids. This is expected due to pinning effects. Figure 4b also shows that nuclei within zones of large rod dispersoids are larger than those within PFZs. This may relate to the spatial distribution of the three types of matrices. As shown in Figure 1b , PFZs are generally observed next to big particle clusters/bands which stimulate many nuclei. Zones with large rod dispersoids are located away from the clusters/bands of big particles. Therefore fewer nuclei develop here. This gives part of the explanation. Some nuclei which have formed at the big particle clusters/bands may grow to reach the zones with large rod dispersoids. As shown in Figure 1b , this generally involves growth through a zone with small spot dispersoids-i.e. slow growth. Therefore it is expected that as soon as the first (or a few) of these slow-growing nuclei reaches a zone with large dispersoids it will speed up significantly and rapidly consume large parts of the zone, and thus "blocking" any neighboring nuclei from reaching this faster growth zone later. Consequently the size of the nuclei observed in zones with large rod dispersoids is to a large extent determined by the size of those zones, whereas the nuclei in PFZs and zones with fine spot dispersoids have sizes determined by the nucleation density at the big particle clusters/bands, as well as growth rates in the respective zones.
The present investigation has demonstrated the need for full 3-D characterization when nucleation sites have to be identified. It has confirmed that clusters/bands of big particles are very powerful nucleation sites stimulating 90% of the nuclei predominantly of rolling and random orientations, though cube nuclei may also form here. A large size variation of nuclei is observed which at this stage of recrystallization does not relate only to orientation effects but to a large extent is determined by the inhomogeneous distribution of dispersoids in the deformed matrix.
